Base excision repair of genotoxic nucleobase lesions in the genome is critically dependent upon the ability of DNA glycosylases to locate rare sites of damage embedded in a vast excess of undamaged DNA, using only thermal energy to fuel the search process. Considerable interest surrounds the question of how DNA glycosylases translocate efficiently along DNA while maintaining their vigilance for target damaged sites. Here, we report the observation of strandwise translocation of 8-oxoguanine DNA glycosylase, MutM, along undamaged DNA. In these complexes, the protein is observed to translocate by one nucleotide on one strand while remaining untranslocated on the complementary strand. We further report that alterations of single base-pairs or a single amino acid substitution (R112A) can induce strandwise translocation. Molecular dynamics simulations confirm that MutM can translocate along DNA in a strandwise fashion. These observations reveal a previously unobserved mode of movement for a DNA-binding protein along the surface of DNA.
D
amage to the covalent structure of DNA arising from spontaneous degradation, replication errors, and the attack of exogenous and endogenous genotoxins undermines the genomic integrity and hence the viability of all life forms (1) . As the first line of defense against many of these genome insults, DNA glycosylases recognize aberrant nucleobases in DNA and catalyze scission of their glycosidic bond, thereby initiating correction of the damage through the base excision DNA repair pathway (2) . Failure to repair DNA lesions has deleterious consequences to the organism (3) , and yet searching for the lesions represents one of the most formidable needle-in-the-haystack problems in biology (4) . First, many damaged nucleobases resemble closely their millionfold more abundant undamaged progenitors, leaving little in the way of a damage signature for recognition. Secondly, all known DNA glyclosylases must extrude the target lesion from DNA and insert it into an extrahelical active site pocket to perform glycosidic bond cleavage, which requires significant energy input with lesions that do not destabilize the DNA duplex. Lastly, DNA glycosylases utilize only thermal energy to drive a directionally unbiased, massively redundant Brownian search for target lesions. High-resolution structures of various DNA glycosylases in complex with lesion-containing or normal DNA duplexes (5) (6) (7) (8) (9) (10) (11) (12) have provided important insights into the means by which these enzymes recognize lesions, promote extrusion of lesions from DNA, and catalyze the chemical steps of base excision. However, virtually nothing is known about the atomic details of how DNA glycosyalses achieve nearly barrierless translocation along DNA (13) .
The DNA repair protein for which the processes of lesion search and damage recognition are most well-understood at the atomic (5-7, 12, 14-17) and biochemical (18) (19) (20) levels is MutM (also known as Fpg), a bacterial DNA glycosylase specific for 8-oxoguanine (oxoG). As the predominant product arising from guanine oxidation (21) , oxoG has received much attention owing to its profound mutagenicity, specifically its ability to cause G:C to T:A transversion mutations (22) . Moreover, oxoG has been implicated in carcinogenesis in humans (23) . Compounding the difficulty of elucidating the search process are the facts that the oxoG lesion is exceedingly rare, occurring at a steady-state frequency of roughly one oxoG per 10 6 -10 7 nucleotides (24) , and that the covalent structure of oxoG differs from that of G by only two atoms, a difference that is known to impact minimally the conformation and stability of isolated B-form DNA (25) (26) (27) .
In previous studies, we were able to trap and structurally characterize MutM in the act of interrogating undamaged DNA duplexes containing an intact, fully paired target base-pair; these structures are designated as interrogation complexes (ICs; Fig. 1A ) (6) . As noted previously, the overall disposition of MutM on DNA in the IC state is closely related to those observed following extrusion of the target nucleobase from DNA, hence the IC state is believed to be on the pathway leading to base extrusion and excision (6) . In the course of our studies of ICs, we have repeatedly observed an alternative state of DNA interrogation in which one DNA strand remains in the same position with respect to MutM as that in an IC, but the complementary DNA strand has translocated on the protein surface by one nucleotide step. As described below, this strandwise translocation causes the DNA to appear slanted, hence we refer to these structures as slanted complexes (SCs). Molecular dynamics (MD) simulations confirm that the IC and SC represent distinct but energetically close states of MutM-DNA interaction. Consistent with this notion, we find that the SC state can be induced by single base-pair changes or a single point mutation in the protein-DNA interface. Computational simulations of MutM translocation between two consecutive IC states demonstrate that the protein can advance on DNA one strand at a time. The computational results suggest the possibility that strandwise translocation could represent the energetically preferred mode of movement of MutM while interrogating non-lesion-containing DNA. To our knowledge, prior to this report, DNA-binding proteins had been assumed to move on DNA by base-pair increments.
Results
Overall Structure of the Slanted Complex. In our previously reported work, intermolecular disulfide cross-linking (DXL) was used to restrict the roaming range of MutM on DNA, thereby enabling the trapping and structural elucidation of the IC state (6) . Our goal at the outset of this study was to induce the translocation of MutM by one entire base-pair on the DNA duplex, relative to that in the published IC1 structure (6) , by moving the DXL attachment site by one nucleotide step in the 3′-direction, from p10 to p11 (Fig. S1A) . This p11-cross-linked complex yielded crystals under the same conditions as those used to crystallize IC1. Upon solving the structure of this complex to 1.95 Å (Table S1 and Figs. S2 and S3), we discovered that the overall disposition of MutM relative to DNA was distinct from that in the ICs, with the protein having translocated by one nucleotide on the target strand (the strand that contains the target base) while remaining untranslocated on the complementary nontarget strand. The strand bias in the MutM positional shift on DNA is immediately evident upon comparison of backbone phosphate contacts in ICs versus SCs (Fig. S4) . The analysis can be simplified by considering the contacts made by one representative contact residue on each strand, H74 (target strand) and N32 (nontarget strand). In IC1, H74 and N32 contact phosphates immediately across the DNA duplex from one another (p9 and p9′), whereas in SC1, the contacted phosphates are one nucleotide apart (H74/p10 and N32/p9′) ( Fig. 1 A and B) . Hence, MutM has translocated by one nucleotide on the target strand only. Thus, relocation of the DXL attachment site from p10 to p11 had the unexpected effect of inducing MutM to translocate by one nucleotide on the target DNA strand only while remaining fixed in place on the nontarget strand. We refer to this strand-biased mode of MutM movement on DNA as strandwise translocation.
Strandwise translocation does not drastically change the global structure of SC1 (Fig. 1B) relative to that of IC1 (Fig. 1A) . In both IC1 and SC1, MutM grasps a sharply bent DNA duplex (IC1: approximately 52°bend, SC1: approximately 46°bend) containing fully intact base-pairs. In both structures, F114 is jammed into the DNA helical stack and significantly buckles the adjacent A:T base-pair ( Fig. 2A) , though buckling is more pronounced for IC1 (−33.9°) than for SC1 (−24.5°). The buckled A:T basepair ( Fig. 2A , middle base-pair) is completely unstacked from its neighbor ( Fig. 2A, upper base-pair) at the site of F114 insertion, while stacking with the other neighboring base-pair ( Fig. 2A , lower base-pair) is preserved. Because this buckling, destacking, and direct interaction with F114 are well-established hallmarks of the base-pair targeted for disruption in IC structures (6, 7), we designate the corresponding A:T pair in SC1 as the target basepair (underlining denotes the target base throughout).
While attempting to crystallize IC structures, we have instead obtained SCs in numerous instances, and indeed, we have found no predictor of whether a particular complex of MutM bound to undamaged DNA will crystallize as an IC or an SC. Furthermore, whether the structure is strandwise-translocated is independent of the identity of the target base-pair. For example, changing the target base-pair in SC1 from A:T to G:C provided the unslanted complex IC5 (Fig. S1A ) (7); it is noteworthy that IC5 is crosslinked at p11, demonstrating that this cross-linking position is compatible with the unslanted DNA conformation observed in ICs. Even sequence changes outside the immediate target site can cause interconversion between the slanted and unslanted states. For example, changing the stacked neighbor of the target basepair in IC5 from G:C to either A:T (SC1) or T:A (SC7) yielded a slanted complex ( Fig. S1A and Table S1 ). In addition, efforts to obtain an IC structure of MutM interrogating a target T:A basepair yielded a slanted structure designated SC8 ( Fig. S1D and Table S1 ). We note that either strand can undergo translocation upon transition from ICs to SCs. For example, in going from IC1 to SC1, the target strand has undergone translocation, but from IC5 to either SC1 or SC7, the nontarget strand has translocated. Translocation on the target strand occurs with no change in the target nucleobase; however, translocation of the nontarget strand changes the identity of the target nucleobase by one nucleotide step, in either the 5' or 3' direction. A Single Point Mutation Can Induce the Slanted State. In all structurally characterized states of the MutM-DNA interaction, three residues in MutM-F114, M77, and R112-engage the DNA in the region of the target base-pair. In MutM-DNA complexes representing the state of lesion recognition (lesion recognition complex), these residues penetrate the DNA helix from the minor groove side to stabilize the extrahelical conformation of oxoG necessary for presentation of the lesion to the enzyme active site (5) . At earlier stages of the pathway leading to base-extrusion, R112 is unable to penetrate the helical stack and instead contacts nearby functionality on the floor of the minor groove. For example, in IC1 ( Fig. 2A, left) , R112 contacts the N3 and O4′ atoms of the 3′-T neighbor to the target base-pair on the nontarget strand. The conformation of R112 is often, but not always, buttressed through hydrogen-bonding interactions with the E78 side-chain carboxylate ( Fig. 2 and Fig. S4 ) (6, 7) . Recently reported computational studies have implicated R112 as being critically involved in promoting extrusion of the target nucleobase through direct competition with Watson-Crick hydrogen bonding in the target base-pair (7). In SC1, the loop bearing R112 is displaced in the direction of the unstacked neighboring base-pair, and this enables R112 to assume an alternative conformation and interact with the N3 lone pair on the target A ( Fig. 2A , right, and Fig. S3A ). These observations suggested the possibility that R112 might influence the equilibrium between the unslanted and slanted conformations. To test this notion, we mutated R112 to alanine, the side chain of which is incapable of interacting productively with DNA in either the slanted or unslanted conformation. We introduced the R112A mutation into two unslanted ICs cross-linked at position p10, IC4 (6) and IC6, and into a slanted complex crosslinked at position p11, SC8 (mutated complexes SC4 R112A , SC6 R112A , and SC8 R112A , respectively). Though SC4 R112A is identical in chemical composition to IC4 save for the R112A mutation, these two complexes differ in their DNA conformation, with IC4 being a prototypical unslanted complex (7) and SC4 R112A (2.05-Å resolution, Table S1 ) adopting the slanted conformation ( Fig. 2B and Figs. S1B and S3B). Because the DNA conformation undergoes translocation of the nontarget strand upon transition from IC4 to SC4 R112A , slanting causes a shift of the target basepair from G:C (IC4) to the adjacent C:G (SC4 R112A ) pair. Similarly, the R112A mutation converts IC6 to the corresponding slanted state in SC6 R112A (Fig. S1C and Table S1 ), even though in IC6, R112 appears to hydrogen bond to the target base, unlike in IC1 and IC4 (Fig. S5A) . Finally, introduction of the R112A mutation into SC8 causes no alteration in DNA conformation; i.e., both SC8 and SC8 R112A (Figs. S1D and S5B and Table S1 ) are slanted. These results indicate that R112 serves to stabilize the unslanted DNA conformation relative to the slanted one and that both the slanted and unslanted conformations can be observed with complexes cross-linked at positions p10 and p11.
DNA Conformation and the MutM-DNA Interface. Though the global features of the protein-DNA interaction in SC1 and IC1 are not drastically different, strandwise translocation does cause noteworthy alterations of the DNA conformation and protein-DNA interface. When the protein components of IC1 and SC1 are used to guide least-squares superposition (Fig. 3A) , the corresponding phosphate backbone positions of the nontarget DNA strand in the two complexes overlay closely throughout, while those of the target DNA strand differ by one nucleotide register over essentially the entire length of the duplex (Fig. 3A) , and it is this aspect that leads to the appearance of the DNA in SC1 as being slanted (Fig. S6A ). As noted above, the positional shifts can occur by displacement of the target (IC1/SC1, Fig. 3A) or nontarget (IC4∕SC4 R112A , Fig. 3B ) DNA strand, while all nucleobases maintain canonical Watson-Crick hydrogen bonding.
Significant reorganization of the MutM-DNA interface accompanies the transition from the IC to the SC state (Fig. S4) .
MutM mainly coordinates the DNA backbone through direct and water-mediated hydrogen bonds to the phosphates flanking the target base-pair. When the DNA backbone shifts by one nucleotide on one strand in going from the unslanted to slanted state, the hydrogen-bonding network along that DNA strand also shifts by one nucleotide. However, contacts from MutM to the other strand remain associated with the same phosphate groups. The total number of MutM-DNA contacts remains essentially unchanged between the IC and sequence-matched SC states, which helps explain how MutM is able to stabilize these two distinct DNA conformations.
The Unslanted (IC) and Slanted (SC) States Are Similar in Energy. To characterize the energies and dynamical behavior of the IC and SC states, molecular dynamics (MD) simulations were performed starting with the sequence-matched IC1 and SC1 structures but with the disulfide cross-links removed (Fig. S7 and Movies S1 and S2). Over the entire 100-ns simulation time, IC1 remained unslanted and SC1 remained slanted, with each showing only minor fluctuations relative to the starting crystallographic structures (see SI Text for details). This can be seen in Fig. 4A , in which the rmsd values of sampled structures from each simulation were determined with respect to both the crystallographic structures of IC1 and SC1. In this two-dimensional plot, the simulated IC1 and SC1 structures occupy discrete regions of rmsd space, with a modest region of overlap (see Fig. 4 caption) . The population at each point on the two-dimensional rmsd map was converted to a free energy value (Fig. 4B) using the weighted histogram analysis method (28) . Inspection of this plot reveals that IC1 and SC1 differ in free energy by only 0.6 kcal∕mol.
Although no translocation events were observed in the unbiased simulations with wild-type IC1 and SC1 simulations, simulations with the R112A mutation in IC1 (IC1 R112A ) underwent a (Fig. S1 ), so that equivalent basepairs in the IC and its corresponding SC are coded the same color: phosphate 4 (p4) and p13′: brown; p5 and p12′: salmon; p6 and p11′: red; p7 and p10′: orange; p8 and p9′: yellow; p9 and p8′: green; p10 and p7′: cyan; p11 and p6′: blue; p12 and p5′: purple; p13 and p4′: gray; p3′: pink. Note that the target strand in SC1 shifts by one nucleotide compared to IC1, which is visually manifested as the same-colored spheres do not overlap on the target strand, but the same-colored spheres overlap on the nontarget strand. Similarly, the nontarget strand in SC4 R112A shifts relative to IC4. This strandwise translocation is marked with golden arrows.
transition from the IC1 to the SC1 state (strandwise translocation on the target strand) within the first 25 ns (Movie S3). These simulation results confirm that the R112A mutation promotes the slanted state and suggest that the translocation of the target strand occurs rapidly with a small barrier to a lower free energy state.
Molecular Simulations of DNA Translocation. We used targeted molecular dynamics (TMD) (29) to simulate the translocation of MutM along the DNA duplex in both the forward and backward directions. The simulations started with the IC1 and IC5 structures, which share a nearly identical DNA sequence but in which the position bound by MutM differs by one full base-pair (Fig. S1A) . TMD is one of several biased simulation methods (7, (29) (30) (31) that have been used for studying processes that are too slow on the accessible time scale; the simulations are limited to 10-100 ns, whereas the actual translocation may take longer than microseconds (13) . The essential element in these methods is that, in addition to the molecular mechanics (CHARMM) potential (32) (33) (34) , a perturbation term is introduced whose magnitude depends on the difference (i.e., rmsd) between a structure along the trajectory and the final target structure, multiplied by a scaling factor (force constant). By varying the force constant, the magnitude of the biasing force and time taken for the trajectory to reach the target can be controlled. The approach is outlined in Materials and Methods (see also SI Text) and atoms to which the perturbation is applied are shown in Fig. S9 . The results from a forward (IC1 to IC5) and a backward (IC5 to IC1) simulation are shown in Fig. 5 . For both cases, the translocation is approximately linear in time and occurs in about 6.5 ns (Fig. 5) . The translocation is essentially stepwise. In the forward direction (Fig. 5A) , the nontarget strand translocation occurs first (over approximately the first 3 ns) and the target strand follows (over approximately 3.5 to 5.5 ns); corresponding behavior is observed in the backward translocation (Fig. 5B) . The earlier displacement along the nontarget strand for both forward and backward directions is likely to be due to the fewer contacts between MutM and the nontarget strand than the target strand ( Fig. S4 and Table S2 ). The simulations invariably show translocation along the nontarget strand preceding that along the target strand, and the X-ray structures provide examples of translocation on the nontarget strand; however, the structures of IC1 and SC1 suggest that strandwise translocation can also occur on the target strand. This difference could reflect the fact that the simulations reveal a kinetically preferred pathway, whereas the X-ray structures represent thermodynamically preferred states.
As a check of the results, we performed a calculation in which a perturbation was used that was based on the separate rmsds of the target and nontarget strands from the translocated position (see SI Text). As in the TMD simulation, where a single rmsd along both strands is used, the same strandwise translocation of MutM is observed.
In addition to the global translocation involved in a step of MutM on DNA, the intercalation of F114 is repositioned by moving one nucleotide step in the same direction as the rest of the MutM. This repositioning occurs in the simulation after the translocation along DNA strands is essentially complete (Movies S4 and S5). However, because the F114 reposition step involves a relatively small motion and the TMD force is small, it is possible The saved coordinates from MD simulations for IC1 and SC1 systems were used to compute the rmsds. Pmfs are calculated and plotted as a function of two rmsds, where the abscissa is the rmsd with respect to the IC1 structure (rmsd IC1 ) and the ordinate is the rmsd with respect to the SC1 structure (rmsd SC1 ). that the exact time of the repositioning is not accurate (30); i.e., in the actual translocation it could occur simultaneously with (e.g.) the second step.
Discussion
We have described structural data and molecular dynamics simulations that indicate the existence of an unsuspected mode of movement by a DNA glycosylase translocating along the surface of undamaged DNA. Instead of translocating by an entire basepair step, the protein translocates on one DNA strand only for each individual step. The strandwise-translocated structure could conceivably be stabilized relative to a base-pairwise-translocated IC structure by crystal packing forces or by disulfide cross-linking. This seems unlikely in light of the fact that strandwise-translocated structures have been obtained with complexes in which the crystal packing contacts have been altered by changing the disposition of the protein with respect to the DNA ends and by changing whether MutM slants "forward" or "backward" (Fig. S10) . Furthermore, slanted complexes have also been obtained with complexes having the disulfide cross-link at different positions along the duplex, which argues against a cross-link-induced bias toward slanting. Importantly, every structural permutation found thus far to produce a slanted complex has yielded an unslanted complex with either a closely related sequence or upon restoration of the wild-type R112 residue. Moreover, MD simulations completely free from the influence of crystal packing and disulfide cross-linking demonstrate that the slanted and unslanted states are nearly indistinguishable in free energy and that a perturbation as small as introduction of a single point mutation (R112A) can induce a spontaneous transition from one state to the other. Taken together, the high frequency at which slanted structures are observed experimentally and their energetics and dynamical behavior with respect to the unslanted state argue strongly for the slanted structure being a physiologically relevant species formed when MutM interacts with undamaged DNA. Though the slanted structure is clearly an important part of the eneregetic landscape of MutM/DNA interactions, and interconversion between slanted and unslanted states represents per se a translocation event, it is not possible at present to determine unambiguously whether strandwise translocation is the principal mode of MutM movement along non-lesion-containing DNA. We note, however, that the data shown in Fig. 4B implies that the free energy barrier for transition from the slanted to unslanted state is ∼2.3 kcal∕mol. The direct observation of such a translocation in simulations performed with IC1 R112A is consistent with the notion of a relatively low barrier. Single-molecule sliding experiments have indicated that the barrier height for translocation of MutM across a single base-pair in DNA is in the same range (13), hence stepwise translocation could well be operative. Consistent with this notion, simulations of MutM translocation across one full base-pair, unbiased with respect to the mode of translocation, clearly exhibited strandwise movement. These data strongly suggest that strandwise translocation represents a previously unreported but physiologically relevant mode of MutM movement along DNA during the search for lesions. This mode of DNA translocation might conceivably be employed by other proteins. That said, the role of the slanted state in lesion searching and processive translocation along DNA remains a challenge for future experiments.
Materials and Methods
MutM and DNA preparation. The R112A mutation was introduced to the Geobacillus stearothermophilus MutM Q166C construct (6) in the pET24 expression vector using a QuikChange II site-directed mutagenesis kit (Stratagene). Q166C and R112A Q166C MutM were overexpressed in the BL21 (DE3)pLysS strain of Escherichia coli and purified as previously described (5) . DNA oligomers were synthesized on an ABI 392 DNA synthesizer using standard reagents, and the N-ethylthio tether was introduced to the nonbridging position of the designed nucleotide in the cross-linking strand using H-phosphonate chemistry (6). DNA was purified by urea-PAGE, desalted, and annealed with the complementary strand in 10 mM Tris-HCl pH 8.0. Refer to Fig. S1 for the sequence of the DNA duplex and the corresponding MutM construct for each crystal structure reported in this study.
Disulfide Cross-Linking and Crystallization. To perform the preparative cross-linking reaction, 20 μM of DNA duplex was mixed with 10 μM MutM in 20 mM Tris-HCl pH 7.4 and 50 mM NaCl under argon for 2-3 days. The cross-linked complex was then isolated using a linear salt gradient (20 mMTris pH 7.4, 100-600 mM NaCl) over a MonoQ column, buffer exchanged into 20 mM Tris pH 7.4, 50 mM NaCl, and concentrated to approximately 250 μM for crystallization in conditions reported before for other MutM-DNA complexes (5-7). The reservoir solution contained 12-18% PEG 8 K, 100 mM Na cacodylate pH 7.0, and 5% glycerol. Crystals grew to full size in 2-3 weeks and were flash frozen after brief soaking in the cryoprotectant buffer (18% PEG 8 K, 100 mM Na cacodylate pH 7.0, and 25% glycerol).
Data Collection and Structure Solution. Diffraction data were collected under cryoconditions at the X25 beamline of the National Synchrotron Light Source, and 19ID and 24ID-E microfocus beamlines of the Advanced Photon Source, and processed with HKL2000 (35) . Coordinates of the MutM component in the ICs served as the initial search model for phase determination using rigid body fitting in CNS (36) . After rounds of simulated annealing, energy minimization and grouped B factor refinement, DNA was built into the readily visible electron density in the σA-weighted F o -F c map (37) of the initial model in COOT (38) . The density for the disulfide cross-link unambiguously determined the registry of the DNA, and restraint parameters for the crosslinker-containing nucleosides were generated using the PRODRUG server (39) . Iterative rounds of manual model readjustment and refinements in CNS followed; simulated anneal composite omit maps were constantly used to reduce model bias. Water molecules were built into the model by both automated methods and manual inspection of the difference map after R free dropped to a constant level. Final refinement cycles involved solvent modeling, energy minimization, B factor and TLS refinements in PHENIX (40) . The protein and DNA were defined as separate TLS groups. Electron density for the oxoG-capping loops (residues 218-237) and several nucleotides on the ends of the DNA duplex (Fig. S1 ) in SCs and ICs was not evident, and these residues were omitted from the models. Amino acid side chains of some residues were truncated at the α-, β-, γ-, or δ-carbon positions if electron density was not visible for the full side chain. Data collection, refinement, and model statistics are summarized in Table S1 . Figures were rendered with PyMol (DeLano Scientific, LLC.).
Molecular Dynamics Simulations. Systems were set up based on the IC1 and SC1 crystal structures. We kept all 17 nucleotide base-pairs in the simulations (sequences are shown in Fig. S1A ) and modeled in any missing nucleotides from the crystal structure and the terminal nucleotides complementary to the overhangs based on standard B-form DNA. The disordered oxoG-capping loop (residues 215 ∼ 239) was built as described previously (7) and the positions of the hydrogen atoms were determined using the HBUILD facility in the CHARMM program (34, 41) . All crystal waters were included. The resulting systems were neutralized by placing Na þ ions 4.5 Å away at the bisector of the phosphate groups and further solvated with an 85-Å rhombic dodecahedron box of water molecules. After a series of energy minimizations and equilibration (0.8 ns), production MD simulations were run for each system by using the NAMD (version 2.7b1) program (42) . During the simulations, the coordinates were saved in 1-ps intervals for further analysis. Langevin dynamics was used to keep the temperature at 298 K with a 2-fs integration time step, and SHAKE (43) was applied to bonds involving hydrogens. We used the CHARMM 27 force fields (32, 33) along with CMAP potential (44) and the TIP3P water model (45) . PME summation method (46) was used for the electrostatics and van der Waals interactions were evaluated with a switching function between 9 Å and 11 Å.
Mean Contact Position Analysis. The mean contact position (N) of protein was defined as N X ¼ ð∑ i n i R i Þ∕ð∑ i n i Þ, where n is the number of protein residues within 4.5 Å from the phosphorus atom of the i-th nucleotide of DNA strand X, and R is the nucleotide residue number. We computed the contact position for all saved coordinates for each DNA strand, respectively, and the mean contact position represents quantitatively the relative position of MutM on each DNA strand to describe the DNA translocation along each strand.
Targeted Molecular Dynamics (TMD) Simulations. The translocation process was simulated by applying the targeted molecular dynamics (TMD) algorithm (29) in the forward (from IC1 to IC5) and backward (IC5 to IC1) direction,
